We review the evidence for a role for transforming growth factor-b (TGF-b) and for tumor necrosis factor-a (TNF-a) in the development of the avian embryo. Transforming growth factor-b is expressed in a number of locations in the early embryo with a distribution consistent with a function in epithelial-mesenchymal transformation and modulation of the composition of the extracellular matrix. During gastrulation, this factor is found in the mesoderm cell layer as well as in the endoderm underlying the primitive streak. In vivo and in vitro investigations suggest that TGF-b may be involved in the regulation of phenotypic transformation, matrix deposition, and cell proliferation. Tumor necrosis factor-a and its two receptors are also located with distributions that suggest important involvement for this pleiotropic factor in early morphogenetic processes. Tumor necrosis factor-a is found in several cell populations from the time of gastrulation onwards, including the lens. In vitro investigations, using tissue from the gastrulating embryo as well as from the lens, suggest that this factor may be associated with the extensive cell death that occurs throughout the first 6 d of development, and with nuclear degeneration in the lens. We hypothesize that TNF-a, acting in a paracrine or autocrine fashion, may be involved in the signalling pathways that effect the regulation of cell death in development.
INTRODUCTION
It is now well accepted that soluble growth factors have critical roles to play in the control of growth and differentiation during embryonic development. Several different levels of control have been considered, from possible functions in overall pattern formation and embryonic induction (Cooke, 1991; Melton, 1991; Jessel and Melton, 1992 ) to controls at the cellular level of morphogenesis, including phenotypic transformation (Sanders and Prasad, 1991; Runyan et al., 1992) , cell adhesion (Delannet and Duband, 1992) , cell proliferation , and cell death (Wride and Sanders, 1995) . A large literature has accumulated on such effects in amphibian embryos (Kimelman, 1993; Klein and Melton, 1994) , mammalian embryos (Adamson, 1993; Harvey et al., 1995) , and avian embryos (Sanders, 1992; Stern, 1992) .
In avian embryos, attempts to establish effects of growth factors on pattern formation, most often specifically on development of the embryonic axis or on mesoderm induction, have been inspired by the much greater volume of similar work on amphibians. Investigators using avian embryos, however, have generally met with less success than those using amphibians, although there is some evidence that members of the fibroblast growth factor (FGF) (Mitrani et al., 1990a) , and transforming growth factor-b, (TGF-b) (Mitrani and Shimoni, 1990; Mitrani et al., 1990b; Cooke and Wong, 1991; Ziv et al., 1992) families of factors may be involved in axis formation and in mesoderm induction. Transforming growth factor-b itself appears not to be a mesoderm inducer on its own (Rosa et al., 1988; Mitrani and Shimoni, 1990) , but more work is urgently needed in these areas of avian embryology in order to substantiate and extend these observations on the development of the overall body plan.
At the cellular level of investigation, a number of growth factors and cytokines have well-established effects on phenomena that are of particular relevance to embryogenesis. These effects include modulation of the composition of the extracellular matrix, cell-to-cell adhesion, and cell-to-matrix adhesion (Nathan and Sporn, 1991; Thiery and Boyer, 1992) , and because TGFb has been implicated in many of these phenomena, we have recently sought a role for this factor in avian development. Similarly, tumor necrosis factor-a (TNF-a) has been associated not only with these matrix and adhesive phenomena, but also with cell death, which is another cellular event of considerable interest during development. We have, therefore, also been investigating possible roles for this cytokine in the chick embryo. This report summarizes some recent work with these two factors, as it relates to cellular mechanisms of early avian development.
Potential Roles for TGF-b
The TGF-b family of factors and its receptors continue to generate much attention (Kingsley, 1994; Massagué et al., 1994) and its wide range of effects on proliferation and the extracellular matrix ensures continued interest by developmental biologists. In the chick, several receptors have recently been cloned (Barnett et al., 1994) and suggested roles for these factors abound (Sanders, 1992) , despite observations using gene "knockout" mice, which develop without any sign of early developmental failure (Gatherer, 1993) .
Work on avian embryogenesis has largely been confined to studies on heart formation, chondrogenesis, neural crest morphogenesis, and gastrulation. In the developing heart, TGF-b is present in a number of locations (Potts and Runyan, 1989; Choy et al., 1991) , and appears to influence epithelial-mesenchymal transformation (Potts et al., 1991; Nakajima et al., 1994) , cell proliferation (Choy et al., 1990) , extracellular matrix deposition (Choy et al., 1991) , and cardiac valve induction . In a number of these investigations, the isoform TGF-b-3 has been of particular interest . Several different isoforms of TGF-b are expressed by avian chondrocytes (Jakowlew et al., 1991) , and several of these have been shown to promote cartilage formation in the developing chick limb bud or other chondrogenic tissue (Kulyk et al., 1989; Hayamizu et al., 1991; Sanders et al., 1993; Roark and Greer, 1994) . Although the differentiating neural crest has been claimed to express TGF-b genes (Schmid et al., 1991) , the evidence is thus far not definitive. Nevertheless, the differentiation, migration, and proliferation of neural crest cells in culture are modulated by the addition of this factor in ways that suggest, albeit indirectly, an in vivo function in the control of crest morphogenesis (Delannet and Duband, 1992; Rogers et al., 1992; Leblanc et al., 1995) .
Expression of TGF-b protein and its message, as well as its potential functions, during the very early stages of avian development, have been examined in some detail (Sanders and Prasad, 1991; Sanders et al., 1993 Sanders et al., , 1994 Jakowlew et al., 1994) . During the course of gastrulation, cells of the upper epithelial epiblast ingress through a linear thickening in the blastoderm (the primitive streak) and undergo a phenotypic transformation to emerge as epithelioid endoderm cells and fibroblast-like mesoderm cells. At this time in development it is possible to detect TGF-b expression in a number of discreet locations. Intracellular immunoreactivity is found at the apical pole of the epiblast cells, strikingly in the mesoderm cells, and in the endoderm cells underlying the primitive streak. The presence of TGF-b in the mesoderm layer, which has undergone transformation, and in the endoderm of the streak, which may be involved in inductive interactions, are consistent with a potential role for TGF-b in this critical early morphogenetic process, and with earlier results describing TGF-like activity at these stages of development (Smith and McLachlan, 1990) . At stages of development prior to gastrulation, after laying but before incubation, TGF-b is detectable at the periphery of the blastoderm, where it is in contact with the underlying yolk, and in the yolk itself in a highly localized region beneath the cells of the blastoderm edge . This distribution gives rise to speculation that this factor could be involved in the adhesion of the blastoderm edge to the overlying vitelline membrane, which generates the tension required for blastoderm spreading and expansion.
Functional correlates for these expression studies at early stages of development have drawn upon the known effects of TGF-b on extracellular matrix regulation (Streuli et al., 1993) and on cell proliferation (Moses, 1992) in other systems. In vitro study of tissue from the mesoderm and endoderm layers of the gastrulating embryo (Sanders and Prasad, 1991) showed that TGF-b is able to effect phenotypic transformation of these cell types between fibroblastic and epithelial morphologies. Further, examination of in vitro extracellular matrix deposition by these cells indicated that, depending on the culture substratum used, TGF-b is able to up-or down-regulate the production of fibronectin and laminin, and modulate the expression of the b1 integrin subunit. In vivo investigation of the effects of TGF-b , using cultured embryos during the period of gastrulation, have indicated that this factor is also able to influence cell proliferation. These experiments, carried out by grafting into the embryo beads soaked in this factor, showed that local changes in proliferation occurred in response to the graft, and were correlated with similar changes in vitro.
We conclude, therefore, that TGF-b isoforms are both present in the gastrulating embryo at appropriate locations to influence this developmental event, and that they have the appropriate functional effects on cell transformation, extracellular matrix deposition, and cell proliferation to be effective.
Potential Roles for TNF-a
Tumor necrosis factor-a is a 17-kDa protein with wellestablished effects on cell death and tissue reorganization in pathological situations (Vassalli, 1992) . Because these phenomena are also important during development, we have sought a role for this cytokine in embryogenesis (Wride and Sanders, 1995) . The effects of TNF-a are thought to be mediated by two receptors, tumor necrosis factor receptor 1 (TNFR1) and receptor 2 (TNFR2), of 55 and 75 kDa, respectively. Several studies have indicated that TNF-a, or molecules with similar immunoreactivity, are expressed during the early morphogenesis of the mouse and chick (Ohsawa and Natori, 1989; Gendron et al., 1991; Wride and Sanders, 1993 ; reviewed by Wride and Sanders, 1995) , and that their distribution is widespread. It has therefore been speculated that this factor may have significant effects in development on programmed cell death; as a differentiation factor; and in modulating cellular interactions, and the interactions between cells and the extracellular matrix (Wride and Sanders, 1995) . The possibility that TNF-a may influence the rate of cell proliferation during development is raised by the studies of Pampfer et al. (1994) , indicating that in mouse blastocysts TNF-a may be responsible for a reduction in proliferation mediated by the 55-kDa receptor. There is, however, little direct experimental evidence to show a definitive role for TNF-a in development. Transgenic studies, in which mice constitutively express an inhibitor to TNF-a, have been inconclusive (Peppel et al., 1993) .
Early Avian Development. We have recently been investigating the distribution and potential functions of TNF-a and its receptors during gastrulation stages of development in the chick. We find that at Stage 5 of Hamburger and Hamilton (1951) , TNF-a localizes primarily to the endoderm layer of the embryo (Figure 1 ) along with TNFR2 (Figure 2 ). When cells of the three embryonic layers (epiblast, mesoderm, and endoderm) are cultured, TNF-a immunoreactivity can be found in all cell types, associated either with actin stress fibers or with the cell surface ( Figure 3 ). Tumor necrosis factor receptor 1 is found in nuclei, most particularly in the endoderm cells, whereas TNFR2 has also been found associated with stress fibers (Figure 4) .
When we examined the early embryo for cell death, using an in situ nick-end labeling method (TUNEL; Gavrieli et al., 1992) , we found death in all cell layers of the embryo, but most particularly in the endoderm (Figure 5) , often in the region of the marginal zone at the periphery of the area pellucida. There is thus a spatio-temporal correlation between the incidence of cell death and the occurrence of TNF-a immunoreactivity, similar to the situation that we described previously at later stages of development .
In cultured tissue, the incidence of cell death is normally very low. By the addition of monoclonal neutralizing antibodies to TNF-a, we have been able to show an increase in the incidence of cell death in cultures of endoderm (Figure 6 ), but not mesoderm cells, which may be related to the adhesion of the cells to their fibronectin substratum. The addition of agonistic antibodies to TNFR1 and TNFR2 also appears to increase cell death in these cultures, providing further evidence that this factor is involved in the activation of cell death pathways. By contrast, we have thus far no evidence that TNF-a is associated with embryonic cell proliferation, as has been suggested elsewhere (Kawase et al., 1994) . We hypothesize that TNF-a-like molecules could be exerting a paracrine or autocrine effect in the regulation of cell death during early development.
Development of the Avian Lens. The cellular and molecular features of avian lens development have been reviewed by Piatigorsky (1981) . The lens is composed of two cell types: the lens epithelial cells and the lens fiber cells. The lens fiber cells are formed by the migration to, and subsequent differentiation of epithelial cells at, the posterior of the lens. The differentiation of the lens fibers includes the up-regulation of d-crystalline mRNA and protein synthesis, cell elongation, the coordinated loss of cell organelles, and the breakdown (pycnosis) of cell nuclei, which is accompanied by DNA fragmentation. The degeneration of lens fiber nuclei follows a strict spatiotemporal pattern (Modak and Perdue, 1970) and the morphology of pycnotic nuclei resembles, in many respects, that of apoptotic nuclei. In the chick embryo, the loss of DNA begins in the central lens fibers at Embryonic Day (ED) 6. Pycnotic nuclei are apparent in the central lens fibers by ED 8 and as development proceeds there is an increase in their number and the wave of pycnosis spreads peripherally.
Tumor necrosis factor-a immunoreactivity is observed in the chick embryo lens soon after the differentiation of lens fibers begins on ED 4 (Figure 7 , and Wride and Sanders, 1993) . From ED 8 onwards, TNF-a immunoreactivity is reduced in the cytoplasm of the central lens fibers and it becomes localized to their nuclei, where, at ED 15, it localizes to pycnotic nuclei in which DNA fragmentation is detected by TUNEL. Tumor necrosis factor-a is also associated with the epithelial cells and the annular pad cells at these stages. Immunoreactivity for both types of TNF receptors has also been found to be developmentally regulated in both lens fibers and the lens epithelium. Immunoreactivity for TNFR1 is detected in the fiber cells at ED 4 through 6 (Figure 8 ), whereas TNFR2 is not significantly expressed at these stages in the lens ( Figure  9 ). At ED 8, TNFR1 immunoreactivity is associated with the epithelium, the annular pad region (in which lens fiber differentiation is initiated), and with lens fiber cell nuclei. Tumor necrosis factor receptor 2 is expressed at ED 8 in a similar distribution to TNFR1, but it is not associated with cell nuclei. This pattern of immunoreactivity of TNF-a, TNFR1, and TNFR2 persists until ED 15.
Chicken lenses can be removed easily from embryos at ED 6 to 8 and, following trypsinization, high numbers of dissociated lens epithelial cells can be obtained. When cultured in vitro in the presence of fetal calf serum, insulinlike growth factor I (IGF-I), or insulin, the epithelial cells undergo differentiation into clumps of cells called "lentoids", which are equivalent to fiber cells (Menko et al., 1984) . We have shown that the patterns of TNF-a, TNFR1, and TNFR2 immunoreactivity in vitro reflect those seen in lens sections. Tumor necrosis factor-a immunoreactivity is observed in lentoids at their surfaces ( Figure 10 ) and in degenerating nuclei labeled using the TUNEL method, whereas TNFR1 immunoreactivity is also observed in the nuclei and at the surfaces of lentoids (Figure 11 ). Tumor necrosis factor receptor 2 immunoreactivity is not expressed at such high levels in lentoids, but it is associated primarily with undifferentiated epithelial cells in culture (Figure 12) .
Because TNF-a is capable of instigating DNA fragmentation and apoptosis in sensitive cells, and TNF-a immunoreactivity is present in some tissues undergoing programmed cell death during development , one role for TNF-a in the lens could be the degradation of lens fiber DNA and nuclei during lens fiber differentiation. When cultured for 2 d in defined medium containing insulin and agonistic antibodies to TNFR1 and FIGURE 2. Immunoreactivity for tumor necrosis factor receptor 2 is also found primarily in the endoderm layer (n). e = epiblast. FIGURE 3. In cultured endoderm cells, tumor necrosis factor-a immunoreactivity can be found at the intercellular boundaries (arrows). FIGURE 4. In cultured endoderm cells, tumor necrosis factor receptor 2 is localized to intracellular stress fibers (arrows). FIGURE 5. Cell death in the gastrulating embryo, evaluated using the nick end-labeling technique for DNA fragmentation, occurs primarily in the endoderm layer (arrow).
FIGURE 6. The addition of antibodies to tumor necrosis factor-a to cultures of endoderm tissue result in extensive cell death, shown by the stained nuclei using the nick end-labeling method. In untreated cultures, none of the nuclei are labeled.
TNFR2 (Tartaglia et al., 1991) , the number of TUNELpositive nuclei in developing lentoids is significantly enhanced in each case, suggesting an involvement for TNFR1 and TNFR2 in the initiation of the signalling cascade leading to the degeneration of nuclei in lentoids and perhaps in lens fibers themselves. FIGURE 7. Embryonic day (ED) 6 lens section immunostained with polyclonal antibody to tumor necrosis factor-a (Genzyme Corp., Cambridge, MA 02139-1562). Staining is particularly striking in the lens fibers (arrow). Bars in all figures = 200 mm. FIGURE 8. Embryonic day (ED) 5 lens section stained with polyclonal antibody to tumor necrosis factor receptor 1 (Genentech Inc., South San Francisco, CA 94080-4990). Staining is clearly visible in the lens fibers (F), but not in the lens epithelium (E). FIGURE 9. Embryonic day (ED) 5 lens stained with polyclonal antibody to tumor necrosis factor receptor 2 (Genentech Inc., South San Francisco, CA 94080-4990). At this stage, there is little immunoreactivity in the lens. FIGURE 10. Tumor necrosis factor-a immunostained culture showing fluorescence at the edge of the lentoids (arrowhead). FIGURE 11. Tumor necrosis factor receptor 1 staining of lentoids in culture, visualized by confocal microscopy. Immunofluorescence is present in the nucleus and at the cell surfaces. Bar = 50 mm. FIGURE 12. Tumor necrosis factor receptor 2 staining of the epithelial monolayer of a lens cell culture. The periphery of cells in the undifferentiated epithelium is labeled with a punctate pattern.
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